Retrievals of aerosol optical depth (AOD) at 388nm over the ocean from the Ozone 13
are examined with specific purpose to determine if they are related to instrument (i.e., 23 pixel size, calibration) limitations or algorithm assumptions (such as aerosol shape, aerosol 24 height). 25 The analysis confirms that OMAERUV does an adequate job at rejecting cloudy 26 scenes within the instrument capabilities. There is a residual cloud contamination in OMI 27 pixels with quality flag 0 (the best conditions for aerosol retrieval according to the 28 algorithm) resulting in a bias towards high AODs in OMAERUV. This bias is more 29 pronounced at low concentrations of absorbing aerosols (AOD 388nm ~< 0.5). For higher 30 aerosol loadings, the bias remains within OMI's AOD uncertainties 31
In pixels where OMAERUV assigned a dust aerosol model, a fraction of them (<20%) 32 had retrieved AODs significantly lower than AERONET and MODIS AODs. In a case study, a 33 detailed examination of the aerosol height from CALIOP and AODs from MODIS along with 34 sensitivity tests was carried out by varying the different assumed parameters in the 35 retrieval (imaginary index of refraction, size distribution, aerosol height, particle shape). It 36 was found that spherical shape assumption for dust in the current retrieval is the main 37 cause of the underestimate. Also, it is shown with an example how an incorrect assumption 38 of the aerosol height can lead to an underestimate but this is not as large as the effect of 39 particle shape. These findings will be incorporated in a future version of the retrieval 40 algorithm. 41 result in limited amount of retrievals (Kahn and Gaitley, 2015) . With a combination of 58 polarization measurements along with multiple observing angles (POLDER instrument), 59 it is possible to obtain SSA retrievals over the ocean (Hasekamp et al., 2011) and over 60 clouds (Peer et al., 2015) but spatial resolution and viewing conditions are also 61
limitations. The interaction of particle absorption and molecular scattering in the near 62 UV (~330-400 nm) generates a unique spectral signal associated with the presence of 63 UV-absorbing aerosols (primarily carbonaceous aerosol, desert dust and volcanic ash). At 64 these wavelengths, molecular or Rayleigh scattering is the dominant signal in the 65 upwelling radiation. When absorbing aerosols are present, they absorb some of the 66 molecular scattered radiation. At these wavelengths, the measured spectral dependence 67 in the presence of aerosol absorption is different than the well-known spectral 68 dependence of Rayleigh scattering and this signal can be used to derive aerosol 69
properties (Torres et al., 1998; Veihelmann et al., 2007) . With the appropriate selection of 70 a pair of near UV wavelengths where gas absorption is negligible, this aerosol absorption 71 signal can be interpreted via an inversion algorithm (Torres et al., 1998; 2002; 2005) satellite (Levelt et al., 2006) , is a hyperspectral sensor covering the wavelength range 76 270nm to 500 nm. Although its primary application is the retrieval of traces gases, 77 observations in the near UV are used for the retrieval of AOD and SSA (Torres et al., 2007) . 78
These products are part of the standard operational suite of OMI products. There are two 79 sets of such products following very different approaches. A KNMI-Dutch aerosol 80 retrieval approach (labeled OMAERO, Curier et al., 2008 ) uses a multiple wavelength 81 algorithm and the NASA-US retrieval algorithm following the retrieval approach used in 82 the TOMS detectors (labeled OMAERUV, Torres et al., 2007 probably more problematic since in such time period, for example a fair weather cumulus 294 cloud could change its albedo considerably or a new cloud could form, as it is the case 295 over the tropical oceans. Thus, this consideration has to be kept in mind when comparing 296 data from both instruments on the same pixel. For simplicity, the overlap procedure 297 implemented here makes no correction for this time difference and it assumes that the 298 aerosol optical properties remain the same between the two overpasses. The case studies 299 reported here were specifically chosen because the minimal time difference between 300 Aqua and Aura overpasses. 301
Second, when overlapping an OMI native resolution pixel (13x24 km 2 nadir) with the 302 MODIS multi-pixel aggregate aerosol product (10x10 km 2 nadir), a decision must be 303 made regarding whether to use a single MODIS retrieval (for example, the closest) or all 304 those MODIS retrievals that fall inside the OMI pixel and weight their contribution in 305 some way (such as by the area overlapping with the OMI pixel). While the latter seemed 306 more rigorous and representative, our tests indicated that such operation required a 307 number of assumptions that did not seem practical for this application. For example, 308 when applying a weight by area, those MODIS 10x10 km 2 pixels partially overlapping the 309 OMI pixel would have a different contribution depending on the time difference between 310 the two detectors. Also, the MODIS 10x10 km 2 product is in fact the result of the 311 aggregation of several 500 m native pixels and the distribution of cloudy pixels is 312 unknown within the 10x10 km 2 pixel aggregate. Thus, the criterion adopted here is based 313 on choosing the closest MODIS AOD retrieval to the OMI pixel and store all the relevant 314 MODIS and OMI aerosol information. 315
Typically, about four MODIS 10x10 km 2 pixels overlap an OMI pixel near the nadir and 316 not necessarily, a single full MODIS pixel is contained in it. At the edges of the OMI swath, 317 the number increases to about 6 to 8 pixels due to the longitudinal stretching and one or 318 more MODIS pixels are fully contained within the OMI pixel. 319
The joint OMI-MODIS analysis was carried out by overlapping data from each satellite's 320 orbit. For each OMI orbit, each pixel with a successful AOD retrieval was collocated with 321 the closest MODIS pixel with a successful AOD retrieval. Starting in 2008 the detector 322 anomaly in OMI began to expand eastward reducing the number of functional pixel 323 elements. The overlapping orbits can result with less than one third of the total 324 overlapping pixels where MODIS and OMI contain collocated Level 2 data. 325
In this analysis, it is assumed that the MODIS retrieval are closer (compared to the OMI 326 retrieval) to the actual value since MODIS AODs have been fairly well characterized over 327 the ocean ( A total of 20 sites located at islands and 13 located at the coasts of large continental 331 masses (Table 1) were selected for collocation with the OMI overpasses. The selection 332 criterion was based on whether the observations were available for an extended period 333 and availability of a 380nm channel at the site. 334
The collocation scheme was based on the following criteria: only AERONET Level 2 data 335 was used, a time window of 20 min centered at the time of the satellite overpass, the 336 distance from the AERONET site to the center of the OMI is less than 40km, the OMI 337 retrieval must have a quality flag 0 for the selected pixel. In addition and in order to insure 338 that only AODs from the ocean algorithm are compared with AERONET, only pixels fully 339 containing an ocean surface (as identified by OMAERUV internal topography database) are 340 used in the comparison. This is different than in Ahn et al., (2013) , where in coastal sites 341 the AODs were averaged over land and ocean pixels within the selected radius. Our 342 approach results in a reduction of all the potential pixels available at coastal sites but it is 343 compensated by considering a longer time period (than in Ahn et al., 2013 probably contaminating the OMI pixel. In addition, some of the points with very high 412 relative differences and CF < 0.1 are pixels at the edge of the OMI swath where the 413 stretching is so large that even accounting for the immediate MODIS pixels is not enough to 414 screen out the OMI contaminated pixels. Overall, this image illustrates that segregation by 415 the cloud fraction of the closest MODIS pixel is useful to screen out most of the 416 contaminated OMI pixels. As a more conservative approach, the CF from the surrounding 417 pixels MODIS pixels can be considered. This analysis suggests that OMAERUV pixels with flag 0 may still be affected by 432 small levels of residual cloud contamination. Using MODIS CF to screen out the OMI cloud 433 contaminated pixels can improve the statistics of the OMI-MODIS comparison but it 434 excludes a significant number of OMI AOD retrievals that otherwise agree well with MODIS 435
observations. It appears that MODIS CF alone, without a qualification on the strength of the 436 cloud signal in terms of, for example reflectance or cloud optical depth, is not sufficient to 437 exclude cloud contaminated in OMI pixels without a significant loss of apparently good 438 quality OMI retrievals. In addition, it is clear in figure 6b and 6c that pixels with high CF 439 tend to have high AAI (figure 6b. High AAI does not always imply that the there is a high 440 concentration of absorbing aerosol. In many cases, it is an indication of the presence of 441 absorbing aerosols above clouds. 442
Small clouds within the OMI pixel
The presence of small clouds in the OMI pixel can be confirmed by inspecting in 445 detail high spatial resolution MODIS imagery with the overlapped OMI pixel grid. The observed increasing AAI pattern with CF indicates that the absorbing dust layer is 460 located above clouds. As noted earlier, the higher AAI is a result of the enhanced 461 absorption due to a brighter background (Torres et al, 2012) . That is, it is not due to an 462 increase in aerosol concentration or aerosol height since none of these could change so 463 drastically from one OMI pixel to the other. 464
2) The OMI algorithm performs aerosol retrievals because of the unambiguous 465 presence of absorbing aerosols in the scene (given by the AAI) even when it is visually clear 466 that the pixel is cloud contaminated. This condition highlights on one hand the UV 467 capability of aerosol detection above clouds, an on the other the instrumental inability to 468 resolve the subpixel contamination due to the coarse spatial resolution. 469
3) The image also shows that there can be high backscattering for the south section noted with brackets in figure 8a . There are two 504 distinct aerosol layers. In the southernmost section, there is a low altitude aerosol layer 505 extending from the surface to ~1.7 km high. In the N-S direction, this layer extends 506 northward up to -31.2 degrees. At the same latitude, a much higher altitude layer appears 507 topping at 6.1km and with increasing thickness and aerosol concentration from south to 508 north. Almost no clouds are present and the variability in aerosol layer provides a good 509 opportunity to analyze how the OMAERUV algorithm performs in this scene. 510
Smoke off Southern Africa
The standard and hybrid AODs (figure 9b) are shown along with the AAI (blue line, 511 right y-axis). The AAI gradually increases from south to north, peaking with values above 512 4.5 and then gradually decreasing until -28.25 degrees where a group of clouds begin. Both 513
AODs have similar magnitudes and change along with the AAI. 514
The comparison between the figure 9a and 9b provides a good example on how AAI 515 behaves upon the change of aerosol height and concentration. At the southern end where 516 the low altitude layer is present, both AODs are high (>1) and the AAI hovers around 1-1.5. 517
Although this aerosol layer appears disconnected with the layer aloft suggesting a different 518 air mass, the lower layer aerosol has a very high fine mode fraction (>0.9) according to 519 MODIS suggesting that it is smoke too (not shown). The observed low AAI value is the 520 result of the known height dependence (Torres et al., 1998) that yields low values when 521 absorbing aerosol layers are close to the surface. This is an expected behavior of the AAI. 522
Further north, the concentration of the boundary layer aerosol decreases and at the same 523 time separated by a gap of clean air, the elevated aerosol layer becomes thicker starting as -524 31.85 degrees until it fills the clean air gap at -28.45 degrees. 525 The Zc-inst (see section 2.3 for definition) is quite different from the Zc-clm value assumed by 527 OMAERUV. Differences as large as 2.5km can be observed at the southernmost end. The 528 two heights converge towards the thicker end of the aerosol layer converging to similar 529 values at -31 degrees. Further north, Zc-inst exceeds Zc-clm by just less than 0.8km for the rest 530 of the CALIOP profile. 531 Figure 9d shows SSA from the operational and the hybrid retrievals. This figure  532 illustrates the impact of the aerosol height assumed by the OMAERUV algorithm in the 533 retrieved SSA. At the south end where the Zc-clm > Zc-inst, a high SSA value was retrieved. In 534 this case, the hybrid algorithm selects a lower aerosol layer and slightly lower SSA. 535
Overall, this example illustrates the multiple dependencies of the observed 536 radiances (represented by the AAI), AOD and SSA, that must be accounted for by the 537 retrieval. Along most of CALIOP profile in figure 9a , the OMAERUV algorithm assumed a 538 climatological aerosol layer height (Zc-clm) within 1km of the actual CALIOP average height 539 on the day of the observation (Zc-inst) as shown on figure 9c. For this reason, there is good 540 agreement between the hybrid and operational AODs and, therefore, only minor 541 adjustments are observed in the SSAhyb and Zhyb retrievals. When the actual aerosol height 542 was different than the climatological value by more than 1.5km in the south end, OMAERUV 543 retrieves a markedly higher SSA. 544 545
High dust concentrations off the coast of Senegal

547
Another example is shown to illustrate a case when OMI AODs are low compared 548 with independent measurements. A large and dense dust layer exiting the NE corner of 549 Africa and moving over Dakar and Cape Verde was well captured by both MODIS and OMI. 550 Figure 10a is the RGB image from the MODIS 1km resolution radiances. The collocated OMI 551 AAI image (figure 10b, orbit number 14975) shows values between Cape Verde and the 552 African coast that are much larger than those shown in the previous dust case (Section 4). 553
By comparing both images with the RGB image, the highest AAIs are located in the densest 554 area of the dust layer. 555
The dust layer reached the Cape Verde AERONET site raising the AOD at 441nm from 1 556 (~11UTC) to a maximum of 2.3 (~17UTC). The coincident MODIS AOD indicates that the 557 most dense section of the dust cloud went over the AERONET site with peak AOD in the 558 order of 2.3 indicating agreement between the two different estimates. 559
The corresponding CALIOP profile is shown in figure 11a and it shows a dense dust 560 layer with a top around 2.1-2.3km and variable thickness (1km to 1.8 km). The most dense 561 sections of the dust layer can be identified by the white color. While it appears that the dust 562 layer does not reach the ground, there are indications that it may not be the case. Level 2 563 CALIOP data for this scene identifies several sections at the bottom of the dust layer 564
(coinciding with the section with highest backscattering) as "totally attenuated" (figure 565
A.1) meaning that that there are no laser pulses reaching the detector from these bin 566 heights. CALIOP attenuated profiles can be severely depleted when AODs are higher than 1 567 (Liu et al., 2011) and, thus, it is possible that the dust layer extends further down. Figure  568 11b shows the corresponding Zc-clm and the actual Zc-inst. Clearly, the center of the assumed 569 layer height by the operational algorithm is higher than the actual layer location by as 570 much as 1.5 km in the south end. In contrast, the assumed climatological value is 0.5 to 1km 571 higher than the actual average aerosol height in the north end. 572
The analysis of the standard and hybrid AODs along the CALIOP profile reveals 573 additional features ( figure 11c ) and pinpoint the source of variability in AAI. The hybrid 574 AOD is notably higher than the corresponding operational AOD by factor of 2 or more. The 575 AAI correlates well with the hybrid AOD whereas the correlation with the operational AOD 576
is not as obvious. Simultaneously, the Zhyb looks unrealistic (figure 11b, red line). Negative 577
Zhyb values predominate over most of the CALIPSO transect. In the hybrid retrieval, it is 578 assumed that the difference between OMI operational and MODIS extrapolated AODs is 579 only due to an erroneous assumption on aerosol height by the OMAERUV algorithm. All 580 other possible error sources are ignored. In spite of the use of a realistic AOD , the resulting 581 negative aerosol height values points to other sources of error such as the parameters of 582 the assumed aerosol model. 583
Assuming that the aerosol intensive absorbing properties do not change much along 584 the profile, the observed AAI variability is mainly the result of changes in aerosol 585 concentration, layer thickness and layer height along the transect. Because the hybrid AOD 586 does not depend on layer height, concentration changes alone would explain the observed 587 close MODIS AOD -AAI co-variability in the latitude range 14.3N to near 18.3N degrees 588
where AAI > 1.8 and Zc-inst is roughly constant (according to CALIOP). In the south and 589 north latitude ranges, the AAI is probably sensitive to aerosol height differences. For 590 example, in the south end, the aerosol layer is very dense and at low altitude. In the north 591 end (latitude > 23N degrees) of figure 11b, the aerosol layer is more elevated than in the 592 south end but the aerosol concentrations are much lower (according to MODIS) resulting in 593 a low AAI. This illustrates that a high altitude absorbing aerosol will not have a high AAI if 594 the concentrations are not sufficiently high. 595 This is an example where the AAI variability can be attributed to both 596 concentrations and aerosol height variations. It also shows that both altitude and 597 concentration can co-vary in ways difficult to resolve. More importantly, the OMI AOD can 598 be significantly underestimated and it can occur everywhere in the same event. The large 599 scale of the under estimate suggests a more systemic effect is at play within the algorithm. 600
While this underestimate does not appear to be too frequent (underestimates are less than 601 20% according to figure 3b), it is still of interest to find out the root cause. This is explored 602 in the next section. 603
Source of Discrepancy in Retrieved AODs
605
It is hypothesized that assumptions made by the retrieval algorithm are probably 606 not fulfilled in the cases with underestimates. Based on the independent information 607 available (MODIS, CALIOP, AERONET) the conditions considered: 1) aerosol layer height 2) 608 aerosol particle size distribution 3) relative spectral dependence (354-388 nm) of the 609 imaginary index of refraction of the dust 4) particle shape assumption for dust. 610
In order to assess whether an incorrect climatological height can the cause of the 611 observed difference, the OMAERUV algorithm ingested the OMI radiances of the pixels 612 along the lidar profile. Instead of using the climatological heights, the algorithm was forced 613 2011). Radiative transfer simulations were carried out using the OMAERUV dust size 623 distributions and varied the coarse mode concentration such that the respective AE ranged 624 between -0.5 and 0.6. It was found that a model with a lower AE than currently used by 625 OMAERUV would further decrease the retrieved AOD. Thus, the particle dust distribution 626 assumption does not appear to be the source of the observed large AOD underestimate for 627 the case under consideration. 628
Another test was carried out to evaluate whether the aerosol under observation had 629 a significantly different spectral dependence in the imaginary index of refraction. The dust 630 models have different imaginary indexes with a fixed spectral dependence set by their ratio 631 of imaginary refractive indices (Img(354nm)/Img(388nm)) to a constant value of 1.4. A 632 simulation with a radiative transfer code was setup using all information available for this 633 scene. The observed radiances for a selected pixel in the area with highest AAI was 634 modeled. A reference case was defined by the independent information available. In this 635
case, an aerosol optical depth at 500nm of 2.21 (derived from the MODIS retrieval) and 636 vertical profile of the aerosols peaking at 1.5km (Gaussian shape with 1km standard 637 deviation) derived from a curve fit to the actual CALIOP profile were selected. The 638 simulation of this reference case resulted in radiances that did not match the observed 639 radiances. Only when adjusting the ratio of the imaginary indexes to much lower values, 640 the derived radiances would match to the observed radiances. However, the ratio was near 641 0.95 , than, for this case, a dust model with higher absorption at 388 nm that at 354 nm 642 would be required to match the observations. While not common, dust models with a ratio 643 as low as 1.14 has been reported in the literature (Wagner et al., 2012) for Saharan dust 644 samples but the required reverse spectral dependence is not supported by what is known 645 about the absorption properties of dust components. Thus, an incorrect assumption on the 646 spectral dependence of the imaginary index of refraction does not explain the observed 647 discrepancy in AOD. 648
The next factor examined was the assumption on the shape of desert dust aerosol 649 particles. In the OMAERUV algorithm all aerosol particles are assumed to be spherical. An 650 examination of a phase function plot of a sphere and a spheroid (Mishchenko et al, 1997) 651 aerosol model shows that an important difference exists between the two models in the 652 scattering angle range 100-180 degrees. In the case under consideration (figure 10), the 653 scattering angle is in the 150-180 range (Appendix figure A. 2) suggesting that these angle 654 ranges might be impacted by the particle shape assumption. In addition, a previous study 655 of remote sensing of ash in the near UV (Krotkov et al., 1999) found differences due to the 656 particle shapes in the retrieval. This study utilized a retrieval method based on the ratio of 657 radiances of two wavelengths in the UV very similar the one used by OMAERUV and found 658 that implementing non-spherical particle size distributions resulted in a much better 659 agreement between observations and modeled radiances. 660
The impact of particle shape in the OMAERUV retrieval was tested by carrying out 661 retrievals along the CALIOP profile in figure 10a . A new non-spherical dust look- up table  662 was generated with the same size distribution and refractive indexes of the existing dust 663 model in OMAERUV. New radiances for the non-spherical ("spheroids") particles at the 664 nodal points were generated by a software package specially designed for non-spherical 665 aerosol models (Duvobik et al., 2006) . The distribution of shapes was the one currently 666 used by the AERONET sky radiance inversion algorithm to represent non-spherical dust. 667
The new LUT replaced the spherical dust model in a research version of the OMAERUV 668 algorithm. The research version of the code was run for the observation conditions along 669 the CALIOP profile. Three runs were carried out: 1) a control run using the default 670 spherical models and climatological aerosol height (i.e. equivalent to the operational 671 retrieval) 2) a run using the spheroidal LUT and the climatological aerosol heights and 3) a 672 run using the spheroidal LUT and the actual aerosol height derived from the CALIOP profile. 673
The respective AODs, SSAs and heights results are shown along with the hybrid 674 method retrievals in figures 12. In figure 12a , the incorporation of a non-spherical model 675 (pink line) in the LUT results in a higher AOD than using a spherical model (black). The 676 increase is across the board and consistent with the expectation given the scattering angle 677 varies just from 170 to 173 degrees for OMI along the CALIOP profile shown. The 678 incorporation of the non-spherical model is enough to make up the difference with the 679 hybrid AOD in the north section of the profile without adjusting the ratio of imaginary 680 indexes. Large differences remain in the southernmost region (14.5N to 20N degrees) 681
where the actual CALIOP aerosol height and the climatological value used by OMAERUV 682 differ by as much as 1.5 km. When the retrieval algorithm includes the non-spherical and 683 the actual aerosol profile derived from CALIOP in this case, a very good match in AOD with 684 the hybrid AOD is achieved (green and red lines in figure 12a ). 685
Particle shape impacts the retrieval of aerosol heights by the hybrid method 686 significantly (figure 12b). The hybrid retrieval using spherical models (red line) results in 687 unrealistically low heights even negative values. However, when using the non-spherical 688 model, the aerosol height is closer and more consistent with the actual measurements with 689
CALIOP. 690 Figure 12c shows the SSA 388nm computed using the standard retrieval with 691 spherical models with the climatological height and non-spheres with the actual CALIOP 692 height. The hybrid retrievals using the spheres and non-spheres are shown too. In 693 comparing these curves, there is no clear true value from which all of them should be 694 compared to. However, from a theoretical view point, particle shape should not impact the 695 SSA retrieval significantly as noted by Kroktov et al., (1999) and Duvobik et al., (2006) . The 696 inclusion of a realistic particle shape and aerosol height (green line) does not result in any 697 significant difference with respect the standard operational retrieval (black). Differences 698 are within the operational uncertainly for OMAERUV SSA retrievals (0.03 in SSA units). 699
In summary, this analysis showed that the shape assumption in dust models used by 700 OMAERUV is the most important cause of the discrepancies between hybrid and standard 701 AOD retrievals. 702 ( figure 9a and b ). These cases demonstrate to the user that the AAI magnitude alone 747 cannot be used quantitatively if no aerosol height or concentration information is available. 748
The retrieval of aerosol height and single scattering albedo using the method of 749 Satheesh et al., (2009) ("the hybrid method") was partially evaluated too. In the two case 750 studies considered, it was found that the retrieved aerosol height compared very well with 751 the CALIPSO derived height in the cases when the AAI was high (> 1.8). At lower AAI, it 752 appears the method is very sensitive to small variations in the input AOD used to select the 753 final pair of height and SSA. Clearly additional analysis is needed to determine the AAI 754 magnitude and range of uncertainty in the input AOD when the hybrid method will derive a 755 realistic retrieved height and SSA. 756
The analysis presented here is based on the current operational version 1.4.2 of the 757 algorithm. The next version of the algorithm will incorporate some of the findings of this 758 work mainly the incorporation of non-spherical dust models in the look-up The OMERUV algorithm computes the pair of AOD and SSA at four assumed aerosol heights for the pixel's viewing geometry (blue solid lines and circles). In a prior step, it selected an aerosol model and surface albedo used in the computation. Each triplet (height, SSA and AOD) has a corresponding upwelling radiance matching the observed radiance by OMI. To select the final (or retrieved) aerosol height and SSA for the pixel, the standard (OMAERUV) algorithm uses a climatological height (Zc-clm) to determine the final AOD and SSA (red arrow and red dashed lines). The hybrid method uses a MODIS AOD (extrapolated to 388nm) as entry point (black arrow and black dashed lines) to determine the Z and SSA using the triplets from the lookup 
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